The bulk of the intracellular arginine pool in exponentially growing mycelia of Neurospora crassa is sequestered in the vacuoles. Vacuolar arginine effluxes from the vacuoles into the cytosol and is catabolized to ornithine and urea upon nitrogen starvation. The energy requirement for mobilization has been studied by treating nitrogen-starved mycelia with inhibitors of respiration or glycolysis or an uncoupler of respiration. Mobilization was inhibited by the inhibitors or the uncoupler of respiration, but not by the inhibitors ofglycolysis. The inhibitors and the uncoupler of respiration reduced the ATP pool and the energy charge of the treated mycelia. The inhibitors of glycolysis reduced the ATP pool but had no effect on the energy charge. The results indicate that mobilization of arginine from the vacuoles requires metabolic energy. The forms of this energy and the mode of its associations with the mobilization process are discussed.
The bulk of the intracellular arginine pool in exponentially growing mycelia of Neurospora crassa is sequestered in the vacuoles. Vacuolar arginine effluxes from the vacuoles into the cytosol and is catabolized to ornithine and urea upon nitrogen starvation. The energy requirement for mobilization has been studied by treating nitrogen-starved mycelia with inhibitors of respiration or glycolysis or an uncoupler of respiration. Mobilization was inhibited by the inhibitors or the uncoupler of respiration, but not by the inhibitors ofglycolysis. The inhibitors and the uncoupler of respiration reduced the ATP pool and the energy charge of the treated mycelia. The inhibitors of glycolysis reduced the ATP pool but had no effect on the energy charge. The results indicate that mobilization of arginine from the vacuoles requires metabolic energy. The forms of this energy and the mode of its associations with the mobilization process are discussed.
Nutritional stresses stimulate a variety of metabolic processes which do not occur in organisms under normal growth conditions. In fungi, nitrogen starvation results in the expression of a number of metabolic systems which utilize alternative sources of nitrogen-containing metabolites. These systems include a variety of pathways leading to the production of ammonia (5) and transport systems for nitrogen-containing metabolites (7) . All of these systems are repressed or impaired when the fungi are growing on a preferred nitrogen source such as ammonia. This phenomenon is called nitrogen metabolite control (7) .
One example of a nitrogen metabolite-regulated system is the catabolism of vacuolar arginine in response to nitrogen starvation in Neurospora crassa. Mycelia of this ascomycete have a large intracellular arginine pool. The bulk of this pool, >98%, is sequestered in the vacuoles (9, 11) . When mycelia are deprived of nitrogen, vacuolar arginine effluxes across the tonoplast into the cytosol, where it is catabolized as an alternative source of nitrogen. This phenomenon has been termed mobilization of vacuolar arginine (5) . The mechanism of translocation of arginine across the tonoplast is not clear. It is not known whether this translocation involves an active transport mechanism regulated by nitrogen metabolite control or a facilitated exchange in which some metabolite(s) replaces or displaces arginine from the vacuole. There are indications that the level of intracellular glutamine might be involved in the mobilization of the vacuolar arginine (T. L. Legerton and R. L. Weiss, manuscript in preparation); glutamine appears to be the effector for the control of a number of nitrogen metabolite-regulated systems (7) .
This report deals with the energy requirement for mobilization. The effect of various energy inhibitors on mobilization of vacuolar arginine has been examined. Inhibitors of oxidative phosphorylation have been shown to inhibit mobilization. The data support the hypothesis that energy is necessary for the proper functioning of the mechanism that mobilizes vacuolar arginine in response to nitrogen deprivation.
MATERIALS AND METHODS
Stns, media, and chemicaLs. The mutant strain LA44 (ure-1, allele 9) was used. The ure-l mutation results in the loss of urease activity but does not affect the growth or metabolic behavior of the organism (12). Vogel minimal medium N supplemented with 1.5% sucrose was used for vegetative growth (10) . Nitrogenfree medium was the same without the nitrogen source (NH4NO3). In some cases, when specified, 20 
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Growth and sampling. Mobilization of vacuolar arginine was studied as previously described with minor modifications (5) . An exponentially growing culture of LA44 was pulsed with radioactive [guanido-14C]arginine (2 ,uCi/100 ml) for 10 min. Uptake of the radioactive arginine and its equilibrium with the vacuolar pool were complete within this period (9) . Under these conditions there was no catabolism of arginine (4, 9) . Mycelia were then harvested by filtration on Whatman no. 1 filter paper, washed with prewarmed nitrogenfree medium, and resuspended in this medium. Portions of this mycelial suspension were treated with various inhibitors, as specified.
Sampling. Three-milliliter samples were withdrawn from the liquid cultures at the indicated times. These culture samples were boiled for 10 min and then centrifuged for 2 to 3 min to remove cellular macromolecules. The supernatants were chromatographed on AG50W-X8 ion-exchange resin; urea and arginine were separated as previously described (2). Fractions containing arginine or urea were evaporated, redissolved in water, and counted.
Amino acid analysis. Samples for amino acid analysis (25 ml) were collected by filtration on Whatman no. 540 ifiter paper. Mycelia were washed with distilled water and extracted in boiling water for 10 min. The precipitated protein was removed by centrifugation. The precipitates were resuspended in 0.5 N NaOH and used for protein estimation. The supernatants were evaporated, and amino acids were quantitated with a Beckman model 119C amino acid analyzer. All amino acid pools are expressed as nanomoles per milligram of protein.
Adenylate analysis and energy charge. Samples for analysis of adenylates (25 ml) were collected by filtration and suspended (without washing) in 3 ml of 95% ethanol. This suspension was boiled for 5 min. An additional 1.5 ml of 95% ethanol was added; each sample was then boiled for 5 additional min to extract the adenylate pools. Precipitated protein was collected by centrifugation and treated as above. Supernatants were frozen in an acetone-dry ice bath and lyophilized overnight. Dried samples were dissolved in 0.1 mM potassium phosphate, pH 3.5, and filtered (0.45-Lm pore size) to remove undissolved particulates. The adenylates were separated on a Partisil-10 SAX column with an AS Pellionex SAX precolumn. Elution was performed with an exponential gradient (0 to 86%) of 0.7 M potassium phosphate (pH 4.5) and mixed with the equilibration buffer, 0.1 mM potassium phosphate, Enzyme assays and protein determination. Arginase activity was assayed as previously described (2) . Protein was estimated by the method of Lowry et al. (6) . RESULTS Effect of various inhibitors and an uncoupler of oxidative phosphorylation on mobilization of vacuolar arginine. When mycelia of N. crassa growing in minimal medium are transferred to medium without a nitrogen source, their vacuolar arginine is mobilized, i.e., released from the vacuole, and is degraded to ornithine and urea (5) . Mobilization has been monitored in ureasedeficient strains by the production of urea ( Fig.  1; 5) . Mobilization began approximately 30 min after the transfer to nitrogen-free medium; simultaneously, the arginine pool began to decrease rapidly (Fig. 1) . All of the vacuolar arginine was degraded after approximately 150 min. If cycloheximide was present during nitrogen starvation, mobilization of vacuolar arginine was reduced (Fig. 1) . Maximum impairment of mobilization was only 50%; the concentration of cycloheximide used was much higher than that which completely inhibited protein synthesis (9) . Figure 2 shows the effect of various concentrations of inhibitors (azide and oligomycin) or an uncoupler (dinitrophenol) of oxidative phosphorylation on the mobilization of vacuolar arginine. Both inhibitors and the uncoupler impaired mobilization. This impairment was proportional to the concentration of the inhibitor or uncoupler in the nitrogen-free medium: complete inhibition of mobilization was possible at high concentrations ( Fig. 2A to C Fig. 2 (A). the inhibitor or uncoupler was added 60 min after the transfer of the cultures to nitrogen-free medium. Cycloheximide added at this time resulted in an approximately 50% reduction of mobilization (Fig. 3) .
The effect of inhibitors of glycolysis (arsenate and 2-deoxyglucose) on mobilization is shown in Fig. 4 . Neither inhibitor completely prevented mobilization at the highest concentrations tested. Arsenate only partially impaired mobilization when added to the nitrogen-free medium at very high concentrations (40 mM). These concentrations of arsenate partially inhibit arginase in vitro (unpublished data). The arginase activity of mycelia growing in the presence of the inhibitors or the uncoupler was assayed and found to be normal. None of the other inhibitors or the uncoupler inhibited arginase in vitro.
All of the inhibitors and the uncoupler inhibited the growth of the mycelia in minimal medium (Table 1) . Inhibition increased with the concentration of the inhibitor. Growth was completely inhibited at high concentrations. Inhibition of growth paralleled inhibition of mobilization.
Amino acid pools. The effects of the inhibitors and the uncoupler on the pools of amino acids known to influence mobilization, catabolism of arginine, or the activity of arginase are summarized in Table 2 . Glutamine affects the expression of a number of nitrogen metabolite-regulated systems (7) . A large pool of glutamine was present in mycelia growing in minimal medium (Table 2 ). This pool was reduced about 13-fold when the mycelia were starved for nitrogen. The glutamine pool of nitrogen-starved mycelia in between mobilization and the size of the lysine pool.
The arginine pool was drastically reduced in mycelia starved for nitrogen. However, the arginine pool remained constant in the nitrogenstarved mycelia treated with the respiratory chain inhibitors or uncoupler. Catabolism of mide per ml a Strain LA44 was treated as in Table 1 . Sampling was done 2.5 h after the transfer on the treatment medium.
b The 2-deoxyglucose-treated culture contained 20 mM glucose as the sole carbon source.
arginine occurred in the nitrogen-starved cultures treated with the glycolytic inhibitors arsenate and 2-deoxyglucose. Paradoxically, the cycloheximide-treated mycelia had an arginine pool similar to that of the mycelia growing in minimal medium, although the former produced urea and lost radioactivity from the arginine pool ( Fig. 1) , an indication of mobilization.
Adenylate pools and energy charge. The effects of inhibitors or the uncoupler on the pools of adenylates (ATP, ADP, and AMP) and the energy charge of mycelia are summarized in Table 3 . The control and the nitrogen-starved mycelia had normal or elevated levels of adenylates and an energy charge value within the range of normal values reported in the literature (1). The adenylate pools of mycelia treated with an inhibitor or uncoupler of oxidative phosphorylation were decreased substantially below the values of the control and the cycloheximide-treated cultures; the energy charge was also substantially decreased. Mycelia treated with glycolytic inhibitors had reduced adenylate pools but maintained the same energy charge value as the control culture. DISCUSSION The results presented here demonstrate that mobilization of arginine from the vacuole into the cytosol in response to nitrogen starvation is inhibited by inhibitors or an uncoupler of oxidative phosphorylation. Sodium azide (a cyto-chrome oxidase inhibitor), dinitrophenol (an uncoupler of the proton motive force), and oligomycin (an ATP synthase inhibitor) prevented the mobilization of arginine into the catabolic pathway when present during nitrogen starvation. In contrast, glycolytic inhibitors did not have a major effect on the mobilization mechanism: arsenate (a nonspecific inhibitor of glycolysis) and 2-deoxyglucose (an analog of glucose which competitively inhibits glycolysis) failed to completely inhibit mobilization when provided in high concentrations. Arsenate caused a slight reduction in the rate of urea production, but this was most likely a consequence of inhibition of arginase rather than an effect on mobilization per se. Deoxyglucose resulted in some impairment of the rate of urea production when provided at extremely high concentrations (100 mM), but the rate recovered after a lag period (Fig. 4) . This suggests an indirect effect of deoxyglucose at this concentration.
The pools of arginine and ornithine were reduced in nitrogen-starved mycelia with a high energy charge, presumably as a consequence of their mobilization into catabolic pathways (5). These pools remained at the normal level in mycelia with reduced energy charge, suggesting that these amino acids were excluded from catabolism under these conditions. It is clear that the effect of the inhibitors of oxidative phosphorylation on the mobilization process is distinctly different from that of cycloheximide or glycolytic inhibitors.
The inhibitors of oxidative phosphorylation did not appear to interfere with the catabolism of arginine either by inhibiting arginase or by increasing the pools of potential inhibitors of this catabolic enzyme (e.g., ornithine and lysine). The inhibitors did not increase the level of glutamine, which appears to be the metabolite signal regulating mobilization (Legerton and Weiss, in preparation). This suggests a direct involvement of these inhibitors on the functioning of the mobilization mechanism.
The results suggest that the energy status of the mycelia is critical for the mobilization process: inhibitors of oxidative phosphorylation resulted in a reduction of the ATP pool, a decrease in the energy charge, and complete inhibition of mobilization; in contrast, glycolytic inhibitors lowered the ATP pool, but the energy charge was not reduced, and these mycelia continued to mobilize their vacuolar arginine.
The available information is not sufficient to interpret how the energy charge is connected with the mobilization process. Two possibilities can be imagined. First, the mobilization of vacuolar arginine may be an active transport mechanism associated with the vacuolar membrane. This process may require metabolic energy in on October 19, 2017 by guest http://jb.asm.org/ Downloaded from the form of ATP and be regulated by the adenylate ratio or energy charge. Second, vacuolar arginine may be associated with polyphosphates in the vacuoles (8) . This association may account for the accumulation of arginine in these organelles (8) , and dissociation of arginine from the polyphosphates which would result in the release of the vacuolar arginine into the cytosol may require energy. The relationship between energy charge and the level of polyphosphates remains to be investigated.
A coupling of mobilization of vacuolar arginine in response to nitrogen deprivation and the energy status of the mycelia is metabolically sensible. Mobilization provides nitrogen metabolites for mycelial growth in the absence of an exogenous supply. These metabolites will only be useful when the organism is capable of using them. The latter requires supplies of carbon and energy whose availability is monitored by the energy charge (1) . The mechanism of linkage between these regulatory circuits remains to be investigated.
